The evolution of genetic sex determination is often somal mechanisms that underlie sex determination in accompanied by the evolution of heteromorphic sex the threespine stickleback (Gasterosteus aculeatus). 
evolved sex chromosome [18] , the human Y chromosome is 300 million years old and does not provide insight into the mechanisms that underlie the initial stages of sex chromosome evolution. Empirical data from evolving Y chromosome systems in plant and Drosophila species have provided key insights into Y chromosome degeneration, but more independent examples are needed to provide a complete picture of this process [17, 19] .
Fish are particularly attractive model systems in which to study the evolution of sex-determination mechanisms and sex chromosomes. Both environmental and genetic sex-determination mechanisms are represented in fish species [20] . In fish with environmentally determined sex, temperature or social interactions can be the primary sex determinant. Genetic mechanisms of sex determination in fish may be polygenic or simple and either associated with no cytogenetically visible sex chromosomes or with heteromorphic sex chromosomes in either males (XY systems) or females (ZW systems). This suggest that threespine sticklebacks lack sexually dimorphic chromosomes, although closely related species do have distinguishable sex chromosomes in either factors, we analyzed the progeny of two independent males or females [ Figure 1 ). This polymorphism segregates found in evolving sex chromosomes, and study the evonearly perfectly with phenotypic sex in both the Priest lution of sex-linked loci in different stickleback populaand Paxton crosses, suggesting that it is very tightly tions.
linked to a master sex-determination locus in threespine sticklebacks (Figure 1 ).
Results and Discussion
Recombination Rates Are Reduced around the Sex-Determination Locus Male Sex Is Determined by a Single Chromosome
Region in Threespine Sticklebacks
When the segregation of LG 19 markers from the male and female parents was analyzed in both the Paxton To determine if phenotypic sex in threespine sticklebacks is controlled primarily by genetic or environmental and Priest crosses, large sex-specific differences were Twenty-one BACs were identified with this probe, and the sex-specific polymorphism in the Idh 3ЈUTR was recombinants was reconfirmed. Future work will reveal whether the observed suppression of recombination resubsequently used to type them as being from the X or Y chromosome. Fifteen BACs were X chromosome sults from an inversion of this region in males relative to females or if it results from the accumulation of hetspecific and six BACs were Y chromosome specific. These BACs were oriented relative to each other by erochromatin [15] .
In both the Priest and the Paxton crosses, three of using PCR primers designed from BAC end sequences (data not shown). Two X-specific BACs (101E8 and the sex-linked microsatellite markers (Stn187, Stn191, and Stn192) had null alleles segregating from the male 160O9) and two Y-specific BACs (169J23 and 119K16) that extended in opposite directions with the least parent ( Table S1 in Table 1 is not shown. Therefore, the numbers of repeats shown are a subset of those listed in Table 1 . For this analysis, a 100 nt window size and 95% stringency were used.
nase ( . This analysis revealed no sex-specific polymorThe BAC sequence contig analysis revealed characterisphisms in either gene in G. wheatlandi, suggesting that tic differences between the X-and Y-specific alleles of neither gene is linked to a sex-determination region in the Idh and Znf genes. To examine how these genes G. wheatlandi. Because G. wheatlandi has a cytogenetidiffer in other stickleback populations, we amplified and cally visible Y chromosome [22], our results suggest sequenced the 3ЈUTR of the Idh gene and exon 2 of the either that its XY chromosome system evolved indepenZnf gene in sticklebacks from five distinct geographic dently from the XY system in G. aculeatus or that the locations around the world (Figure 5) . We also selinkage between the sex-determination region and the quenced these regions in two populations of GasterosIdh and Znf genes has been broken up in G. wheatlandi. teus wheatlandi, a sister species to the threespine stickTaken together with the Japan Sea data, we believe that leback. For each gene, PCR products were amplified the threespine stickleback Y chromosome most likely from several male and female fish, and the PCR products arose after the split with G. wheatlandi 10 million years were cloned and sequenced so that several X-specific ago but before the origin of the G. aculeatus subpopulaclones and several Y-specific clones could be analyzed tions in the Japan Sea and Pacific/Atlantic Oceans 2 (Table S2 ).
All five of the G. aculeatus populations showed charmillion years ago. Table S2 .
previously described (Peichel et al. 2001). The Idh PCR products

Conclusions were visualized on a 2% agarose gel in 1ϫ Tris-borate-EDTA (TBE).
These studies show that a single major chromosome CAA-3Ј and 5Ј-GGACTGTCAAACGTATTTGCCCAAT-3Ј; 5Ј-GATAGT CGGAAAGACATGAGGTGG-3Ј and 5Ј-GTTGAGAGCTGTGCTTCCA Experimental Procedures CCTCA-3Ј. BACs were genotyped as X chromosome or Y chromosome specific using the Idh 3ЈUTR primers as described above. Table S2 for collection 
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